Lead is highly toxic, especially to young children. Excessive exposure causes reduced intelligence, impaired hearing, reduced stature, and many other adverse health effects (NAS 1993) . The effects of lead toxicity have been well established, with clear evidence of harm found in children whose blood lead levels are above 10 µg/dL and some evidence that harm may occur at lower levels (CDC 1991; Lanphear et al. 2000; NAS 1993; Schwartz 1994; U.S. EPA 1990) . A large body of evidence shows that a common source of lead exposure for children today is lead-based paint hazards in older housing and the contaminated dust and soil it generates (Bornschein et al. 1987; Clark et al. 1991; Jacobs 1995; Lanphear et al. 1995 Lanphear et al. , 1998 Lanphear and Roghmann 1997; McElvaine et al. 1992; Rabinowitz et al. 1985; Shannon and Graef 1992) , although other sources can be significant. Poisoning from lead-based paint has affected millions of children since this problem was first recognized more than 100 years ago (Gibson 1904; Turner 1897) .
Children are exposed to lead from paint through two major pathways: either directly by eating paint chips (McElvaine et al. 1992) or indirectly by ingesting lead-contaminated house dust or soil through normal hand-tomouth contact (Bornschein et al. 1987; Duggan and Inskip 1985; Lanphear and Roghmann 1997) . Recent studies indicate that dust lead is the strongest predictor of childhood blood lead levels (Duggan and Inskip 1985; Lanphear et al. 1998) . Unless proper precautions are implemented, leadbased paint can contaminate dust or soil when it deteriorates or is disturbed during maintenance, repainting, remodeling, demolition, or paint removal (Lanphear and Rogmann 1997; Rabinowitz et al. 1985; Shannon and Graef 1992) . Residences with deteriorated lead-based paint are more likely to have higher levels of lead in house dust and the surrounding soil (Jacobs 1995; U.S. EPA 1995; U.S. HUD 1990) .
Although lead in new residential paint was banned in the United States in 1978 by the Consumer Product Safety Commission (U. S. CPSC 1977a S. CPSC , 1977b U.S. HUD 1997) , a previous study conducted by the U.S. Department of Housing and Urban Development (HUD) in 1990 showed that lead-based paint still remained in an estimated 64 million dwelling units (U.S. EPA 1995; U.S. HUD 1990).
Recent studies of residential lead hazard controls have evaluated strategies that combined measures to remove and/or repair deteriorated lead-based paint, along with other measures to reduce and prevent reaccumulation of lead in dust. These treatments resulted in substantial and sustained reductions in interior lead dust and children's blood lead levels (Farfel et al. 1994; Galke et al. 2001; U.S. EPA 1997) .
This study is part of the National Survey of Lead and Allergens in Housing and provides recent estimates of lead contamination in U.S. housing. It is part of a study that examines not only lead contamination but also allergen and endotoxin levels in U.S. housing. The allergen and endotoxin survey methodology has been published separately (Vojta et al. 2002) .
Methods
The target population for this study consisted of the national housing stock of permanently occupied, noninstitutional housing units, including multifamily buildings, single-family housing, and manufactured housing (mobile homes) in all 50 states and the District of Columbia. Vacant housing, group quarters (e.g., prisons, hospitals, dormitories), hotels, motels, and other short-term housing, military bases, and housing where children are not permitted to live (e.g., housing designated exclusively for the elderly and those with zero bedroom units) were excluded. With these excluded, the eligible national housing stock consisted of approximately 96 million housing units out of approximately 112 million units. A nationally representative, random sample of 1,984 housing units was drawn from 75 randomly selected primary sampling units (PSUs), from which 831 eligible units and their occupants were recruited and completed the survey. (A PSU is a county or a cluster of contiguous counties, such as a metropolitan statistical area.) Documentation on using the data, and the data files themselves, are available at the HUD lead web site (U. S. HUD 2001 S. HUD , 2002 . A comparison of the units in the study with national distributions of housing characteristics and socioeconomic and demographic factors from the 1997 American Housing Survey for the United States (U.S. Census Bureau 1997 ) and the 1998 and 1999 Current Population Surveys (U.S. Census Bureau 1999) showed that the units in this study did not differ significantly from nationwide characteristics (Table 1) . Although the percentage of households in the sample with incomes below $20,000 and above $60,000 are both slightly below national estimates, the percentage of households in poverty is very close to the national estimates. It is possible that households with very low incomes (where the risk of lead poisoning is greatest) and with very high incomes (where the risk is lowest) may have been slightly undersampled.
A stratified sample of four rooms within each unit was drawn according to the following priorities: child's bedroom, common living area within the unit, kitchen, and one other random room. If no child's bedroom was present, another bedroom was selected according to a standard protocol. Table 2 presents the type and location of dust and soil samples and paint measurements made in each room, from the building exterior, and in the yard. Soil samples were collected from children's play areas at 375 housing units in 40 of the original 75 PSUs, and general yard samples were collected in all 75 PSUs. The 40 PSUs were randomly selected from the original 75 PSUs. Play area and yard area soil lead hazards are both included in the estimates of lead-based paint hazards reported here (see definition of "lead-based paint hazard" below). Weights were developed for housing units, rooms, yards, and exterior play yard areas to be nationally representative.
A standardized questionnaire was administered to an adult resident in each unit to determine age and renovation history of the unit; occupants' age, race and ethnic group, occupation, hobbies, and smoking patterns;
Children's Health • Jacobs et al. A 600 VOLUME 110 | NUMBER 10 | October 2002 • Environmental Health Perspectives E1728-95(ASTM 1995b . Paint measurements were made in a nondestructive manner using portable X-ray fluorescence (XRF) lead-based paint analyzers, in accordance with HUD procedures and the applicable Performance Characteristic Sheet (U.S. HUD 1997). A single commercialbrand of XRF instrumentation was used to minimize analytical error. Building components were tested in accordance with a standard procedure (Table 3) . Soil samples were collected from the following areas: main entry, foundation/drip line, mid-yard area, and play areas (identified by the presence of play equipment or report from the adult occupant); if present, bare soil was sampled preferentially. Soil sampling was conducted in accordance with the method in ASTM E1727-95 (ASTM 1995a) using a core sample of the top one-half inch of soil, which is most accessible to children. All samples were collected by certified lead-based paint inspectors and analyzed in laboratories recognized under the National Lead Laboratory Accreditation Program of the U.S. Environmental Protection Agency (U.S. EPA) and accredited by the American Industrial Hygiene Association Environmental Lead Laboratory Accreditation Program.
Detailed quality control/quality assurance protocols, laboratory analytical techniques, data management procedures, and a discussion of other potential sources of error (e.g., nonresponse bias and random sampling) have been reported elsewhere (U.S. HUD 2001).
Fieldwork for this survey was conducted between 1998 and 2000, with most units sampled during the warmer months. Dust lead levels may be slightly higher in the warmer months, due to increased track-in or other factors. Data presented here are not controlled for seasonal effects.
In this article, the term "lead-based paint hazard" is defined in the same way as in U.S. HUD and U.S. EPA regulations (U.S. EPA 2001; U.S. HUD 1999) ( Table 4) . A "significant lead-based paint hazard" means the area of deteriorated lead-based paint is above the de minimis levels (Table 5 , note a) specified in the HUD regulations (U.S. HUD 1999) and/or that interior floor or windowsill dust lead or soil lead in the yard or play area meets or exceeds the levels established by the U.S. EPA. "Lead-based paint" is a paint or coating with a lead content ≥ 1 mg/cm 2 or 0.5% by weight (the same definition used in Title X of the 1992 Housing and Community Development Act, also known as the Residential Lead-Based Paint Hazard Reduction Act).
Results

Hazards.
The results show that an estimated 25% of the nation's housing (equivalent to 24 million housing units) had significant leadbased paint hazards in the form of deteriorated paint, dust lead, or bare soil lead. The prevalence rates of significantly deteriorated lead-based paint and dust lead hazards were about the same-14% and 16%, respectively. Only 7% of houses had soil lead levels above current U.S. EPA/HUD standards (U.S. EPA 2001; U.S. HUD 1999) ( Table 4) .
The prevalence of lead-based paint hazards varies by region, housing unit age, household income, and other factors (Table 5) . Of the units with significant lead-based paint hazards, an estimated 1.2 million units were occupied by low-income families (< $30,000/year) with children under 6 years of age. Among lowincome households, 35% of the units had lead-based paint hazards, compared with 19% of units among households with middle and upper incomes (≥ $30,000/year). Seventeen percent of government-assisted, low-income housing had lead-based paint hazards, which is about the same as that for middle-and upper-income housing.
The prevalence of units with significant hazards varies with age of housing and region (Table 5 ), but less so with degree of urbanization. Housing built before 1960 had five to eight times the prevalence of hazards compared Rental units also had a slightly higher prevalence of lead-based paint hazards compared with owner-occupied units (30% and 23%, respectively).
This study also examined for the first time the prevalence of lead-based paint hazards in housing built after lead paint was banned in 1978. Among housing built between 1978 and 1998, 3% (1,042,000 housing units) had significant lead-based paint hazards, but 7% (2,031,000 housing units) may have had leadbased paint. (More than half of the XRF measurements above 1.0 mg/cm 2 in these newer units were on painted tile or stone substrates and are therefore uncertain because the lead may be in the substrates themselves, not the paint.)
Interior dust lead hazards. An estimated 16% of all housing units nationwide (equivalent to 15.5 million units) had one or more lead dust hazards on either floors or windowsills (Table 4) lead level for floors, window sills, and window troughs was 1.1 µg/ft 2 , 9.4 µg/ft 2 , and 96.4 µg/ft 2 , respectively (Table 6 ). The arithmetic means (used for composite dust sampling) for these surfaces were 13.6 µg/ft 2 , 195 µg/ft 2 , and 1,991 µg/ft 2 , respectively. These can be compared with the current U.S. EPA/HUD dust lead hazard or clearance standards for these surfaces, which are 40 µg/ft 2 , 250 µg/ft 2 , and 400 µg/ft 2 , respectively (U.S. EPA 2001; U.S. HUD 1999). Dust lead hazards are more likely to exist in homes with significantly deteriorated interior lead-based paint. Although only one-third of homes with interior lead-based paint in good condition had dust lead hazards, nearly twothirds of the homes with deteriorated interior lead-based paint had dust lead hazards (Table  7) . Based on our results, of the 24 million units with lead-based paint hazards, 2.7 million units with no lead-based paint on either the interior or exterior at the time of the survey have dust lead hazards. Of the 2.7 million housing units with dust lead hazards but no intact or deteriorated lead-based paint, approximately 270,000 units had soil lead hazards, and occupants in another 700,000 units reported having a lead hobby or an occupation potentially using lead, all of which can contribute to interior dust lead levels.
Bare soil lead hazards. An estimated 5% (~4.9 million) of housing units nationwide had play area soil lead levels ≥ 400 ppm, the current U.S. EPA/HUD standard (U.S. EPA 2001; U.S. HUD 1999) (Table 8) . Among all housing unit yard areas, 7% (~6.3 million) have bare soil lead levels ≥ 1,200 ppm, the current U.S. EPA/HUD standard outside of play areas (U.S. EPA 2001; U.S. HUD 1999) ( Table 9) . Soil lead levels are also related to deteriorated exterior lead-based paint. Comparing units with and without deteriorated exterior leadbased paint, the percentage of units with bare soil lead levels ≥ 1,200 ppm decreases from 24% to only 4%, respectively (Table 10) .
Lead-based paint. Our results indicate that 38 million units have lead-based paint somewhere in the interior or on the exterior of the unit (Table 4 ). The influences of age, demographic, and socioeconomic factors on the presence of lead-based paint are similar to those presented in Table 5 for significant lead-based paint hazards. Although 40% of housing units had lead-based paint somewhere, most surfaces, even in older housing stock, did not have lead-based paint (Table  11 ). In post-1960 housing, only 0-2% of interior surfaces had lead-based paint, whereas 0-12% of exterior surfaces had leadbased paint. Even in older pre-1940 housing, only 7-22% of interior surfaces and 24-41% of exterior surfaces had lead-based paint. In almost all age categories for both interior and exterior surfaces, the building components with the highest prevalence of lead-based paint were windows and doors. These are friction and impact surfaces that can generate significant levels of lead dust and paint chips.
For all housing units, we estimate 7.5 billion ft 2 of interior lead-based paint and 29.2 billion ft 2 on exterior surfaces, roughly 2% and 22% of the total interior and exterior painted surfaces, respectively. On average, for each housing unit with lead-based paint, there are 259 ft 2 of lead-based paint on interior surfaces and 996 ft 2 on exterior surfaces (Table 12) .
A comparison of the 1990 HUD survey (U.S. EPA 1995; U.S. HUD 1990) with this study shows that the number of units with lead-based paint fell from 64 million units in 1990 to 38 million in 2000 (Tables 4 and  13 ). Some possible reasons for this decline are discussed below.
Discussion
The results show that despite considerable progress, significant lead-based paint hazards remain prevalent, existing in 25% of all U.S. housing. The association between lead-based paint, lead-contaminated dust, and leadcontaminated soil is consistent with the 1990 HUD survey. Yet 2.7 million homes without lead-based paint had dust lead hazards at the time of the recent survey. However, the fact that lead-based paint was not found in these homes at the time of the survey does not necessarily mean it had never been present at some time in the past. Ongoing housing rehabilitation, maintenance, and repainting all tend to remove lead-based painted surfaces but may leave behind dust lead hazards. Also, some lead-contaminated dust may be from lead-contaminated soil tracked into homes. Although some dust lead may be due to aerosol deposition from ambient air, air lead levels in the United States have declined greatly with the phaseout of leaded gasoline. It is also possible that lead-contaminated dust can originate from lead-based paint in nearby dwellings that are undergoing rehabilitation, maintenance, or repainting. Additionally, some of the lead hobbies or occupations reported by occupants could produce a lead dust hazard. In any case, Table 7 shows that the vast majority of houses with dust lead hazards have lead-based paint on either the interior or exterior, and that houses with deteriorated lead-based paint are far more likely to have dust lead hazards. Further research is needed to identify other potential sources of dust lead hazards. The apparent decrease in the number of units with lead-based paint over the past decade was greater than expected, declining from about 64 million (or 83%) of pre-1980 housing units to 38 million (or 40%) of all 96 million housing units in the sampling frame of this study, a decline of 26 million units. A number of factors that likely contributed to this apparent decline are discussed below.
Ongoing lead hazard control activities. The number of units undergoing lead hazard control likely increased over the past decade because of HUD's lead hazard control grants to local governments; other similar local, state, and federal lead hazard control programs; lead hazard control requirements in HUD's public housing program and federally assisted housing programs; promulgation and enforcement of the U.S. EPA/HUD leadbased paint disclosure regulation (U.S. HUD and U.S. EPA 1996); and increased public awareness of lead-based paint hazards, which likely resulted in privately funded lead hazard control activities. The effect of public education (carried out largely through federal, state, and local programs) in prompting lead hazard control efforts is difficult to quantify but may be much larger than is currently understood.
Demolition and renovation. Although demolition, remodeling, and renovation activities are known to increase exposures in the short run if lead-safe work practices are not used, they reduce both the number of units and the number of surfaces within units with lead-based paint over the long run. Over the past 5 years, standardized curricula and training courses have been developed to educate the work force on lead-safe work practices, and the U.S. EPA has promulgated a final rule regarding public education prior to certain renovation practices (U.S. EPA 1998). This educational effort should reduce the generation of lead-contaminated dust during renovation and maintenance.
It is widely assumed that the phaseout of lead in gasoline and lead in food canning are primarily responsible for most of the decline in population blood lead levels over the past several decades (along with regulation of lead in water and industrial emissions). But it is likely that housing rehabilitation, maintenance, and demolition also had a significant impact over the same time period. The President's Task Force on Environmental Health Risks and Safety Risks to Children (2000) used data from the American Housing Survey and other sources to estimate the size of this effect during the 1990s. Those data show that older units with lead-based paint are more likely to undergo rehabilitation or demolition than are newer houses. From 1989 to 1999, the number of pre-1940 units declined by 2.8% annually, the number of 1940-1959 units declined by 2.65% annually, and those from 1960-1974 declined by 2.1% annually. In short, from 1989 to 1999, the number of units with lead-based paint declined by a total of about 10 million units due to housing demolition and renovation alone (Appendix to the President's Task Force Report 2000). This same pattern likely occurred during earlier decades as well, contributing to the overall decline in population blood lead levels in ways not previously recognized.
Improvements in laboratory and XRF technology and quality control. This study used an XRF model that is both more precise and more 1940 -1960 -1978 -All Before 1940 -1960 -1978 years 1940 HUD 1990) , making these estimates more precise and accurate. The larger number of measurements would be expected to increase the number of homes with lead-based paint, contrary to the findings above, if the number of units with lead-based paint in fact had remained the same. There may be other methodologic differences in the two surveys that could explain some of the observed decline, which will be explored in future papers.
Other key findings. Differences in the definition of what constitutes a lead-based paint hazard and the protocols to measure lead in dust and soil changed greatly between the two surveys, making a direct comparison of hazard prevalence problematic. The percentage of housing units with deteriorated lead-based paint actually increased slightly, from 19% in 1990 to 22% in the present study (Table 13) . Although the difference did not reach statistical significance, such an increase could reflect continued aging of the housing stock and changes in the definition of paint deterioration used in the two studies. If the prevalence of deteriorated paint either increased or remained constant over the past decade, additional efforts are needed to maintain lead-based paint in a way that ensures that it does not deteriorate and present new hazards.
This study shows that most painted surfaces, even in older housing, are not coated with lead-based paint. Use of lead-safe work practices on surfaces with lead-based paint is essential in order to minimize dust, paint chips, and contaminated soil that may be generated during maintenance and housing rehabilitation activities, because only a small amount of lead-based paint is needed to produce very high dust lead levels. For example, if sanded and turned into contaminated dust that is spread across an average-size room, only 1 ft 2 of paint at a lead concentration of 1 mg/cm 2 (the federal standard) is needed to produce a settled dust lead level of 9,300 µg/ft 2 , several orders of magnitude above current dust lead standards (U.S. HUD 1995).
This study also suggests that rental properties are somewhat more likely to have leadbased paint hazards than are owner-occupied properties (30% vs. 23%, respectively), perhaps because of the increased turnover rates and lower maintenance levels that may be more common in rental units. Thus, efforts to increase homeownership may also serve to reduce the prevalence of childhood lead poisoning.
Although it has been widely assumed that large cities have a higher prevalence of leadbased paint hazards than do smaller ones, these data show that urban and rural areas both have roughly the same prevalenceabout 26% (Table 5 ). These results suggest that greater attention may need to be given to rural housing, although large cities clearly have more units with lead-based paint hazards within relatively small geographic areas.
The percentage of building components coated with lead-based paint in housing built after the 1978 ban is 0-3% (Table 11 ). This suggests that the ban was not immediately effective in removing stocks of lead-based paint from retail and wholesale outlets. It also suggests that there may be continuing use of industrial or marine lead-based paint, which is still available, in housing. The fact that about half of the XRF readings indicating a lead concentration greater than 1 mg/cm 2 were taken on tiled surfaces means that the percentage of surfaces with lead-based paint in newer housing is between 1% and 2%. It is not known whether lead was actually present in the tile itself or in the glazing of the tile, or A 605 Table 11 . Building components coated with lead-based paint by year of construction (%).
Component type
All years 1978-1998 1960-1977 1940-1959 whether it was an instrumentation artifact. Furthermore, it is not known whether tile poses a significant source of lead exposure to children. Further analyses of the prospect of continuing contamination of U.S. housing through new application of lead-based paint and the nature and importance of lead in tile are both needed. Nevertheless, it is clear that lead-based paint hazards in housing built after 1978 are very rare.
Conclusion
This study shows that despite a large decline in the number of housing units with leadbased paint from 1990 to 2000, there are still millions remaining with hazards. Resources should be directed to those most likely to cause childhood lead poisoning: older housing units with lead-based paint hazards that are occupied by (or likely to be occupied by) children under 6 years of age and are lowincome and/or are undergoing certain housing rehabilitation or maintenance that disturbs surfaces coated with lead-based paint. Hazard controls should focus on deteriorated lead-based paint, windows, doors, dust, and bare soil in play areas. Window replacement also has other important benefits, such as energy conservation. This study confirms a prediction released by the President's Task Force in February 2000. That forecast indicated that based on trends in demolition, housing rehabilitation, lead hazard control, and other factors, the number of units with lead-based paint hazards in 1999 could be expected to be 24 million. This study found that the actual number is 24 ± 2.7 million units, making the task force estimate well within the confidence interval of this survey. The task force report indicated that private and public expenditures for the incremental cost of lead hazard control totaling approximately $230 million per year for 10 years would be needed to virtually eliminate childhood lead-based paint poisoning and realize a net benefit of $890 million per year for 10 years from avoided childhood lead-poisoning cases. This cost analysis factors in ongoing housing rehabilitation, maintenance, and lead hazard control, as well as regulation of federally assisted low-income housing. Further efforts are needed to improve maintenance standards by incorporating lead-safe work practices into routine housing operations, especially in lowincome housing.
Further efforts are also needed to educate maintenance and housing rehabilitation workers, property owners, parents, and others to help ensure that lead-based paint remaining in millions of houses does not become hazardous and pose future risks to millions of children born into or occupying such houses in the coming decades.
